We report a fatal case of a chromoblastomycosis-like infection caused by a novel species of Fonsecaea in a 52-year-old immunocompetent Caucasian male from an area of chromoblastomycosis endemicity in Brazil. The patient had a 30-year history of slowly evolving, verrucous lesions on the right upper arm which gradually affected the entire arm, the left hemifacial area, and the nose. Subsequent dissemination to the brain was observed, which led to death of the patient. The internal transcribed spacer (ITS) and partial large subunit (LSU), BT2, and CDC42 genes of the isolates recovered from skin and brain were sequenced, confirming the novelty of the species. The species is clinically unique in causing brain abscesses secondary to chromoblastomycosis lesions despite the apparent intact immunity of the patient. Histopathologic appearances were very different, showing muriform cells in skin and hyphae in brain.
C
hromoblastomycosis is a chronic cutaneous and subcutaneous disease characterized by verrucose skin lesions, eventually leading to emerging cauliflower-like eruptions, with muriform cells in tissue provoking a granulomatous immune response (1) (2) (3) . Although traumatic inoculation from thorns or wood splinters is a likely source of onset of the disease (4), the infection process and route of dispersal have been insufficiently clarified (5, 6) , particularly in disseminated cases. Several members of the black yeast order Chaetothyriales in the genera Cladophialophora, Exophiala, Fonsecaea, Phialophora, and Rhinocladiella are able to cause chromoblastomycosis or chromoblastomycosis-like infections, of which infections with C. carrionii and F. pedrosoi are the most frequent (1, 7, 8) .
Fonsecaea species are among the prevalent etiologic agents of chromoblastomycosis in humid (sub)tropical climates (9) . The genus Fonsecaea comprises three cryptic entities (F. pedrosoi, F. monophora, and F. nubica) potentially causing the same disease (10, 11) . A specialized tissue form is produced, the "muriform cell," consisting of spherical cells which develop one or more cross-septa. The invasive potentials of closely related siblings differ significantly among species (12, 13) . Fonsecaea pedrosoi and F. nubica are strictly associated with chromoblastomycosis and muriform cell formation, while F. monophora may also be involved in disseminated phaeohyphomycosis of the brain and other organs and with hyphae in tissue.
Cerebral infections by black fungi mostly involve the central nervous system only, and the fungi rarely invade other organs. The neurotropic species Cladophialophora bantiana is by far the most frequent agent (14, 15) . In brain tissue, hyphal growth leads to cerebral abscesses and typically to death of the patient. Five cases have been confirmed to have been caused by Fonsecaea monophora (16) (17) (18) (19) .
Fonsecaea infections are relatively frequent in the humid climate zones of Brazil and southern China (7, 20) . The state of Maranhão in northeast Brazil is a region of chromoblastomycosis hyperendemicity. Fonsecaea pedrosoi is classically assumed to be responsible for almost 99% of the clinical cases (21, 22) . However, since Fonsecaea agents of the disease are morphologically indistinguishable (2, 5, 23) and specimens from cases have mostly not been cultured, it is possible that other agents have a higher prevalence than currently thought. The three current agents have been distinguished by multilocus sequencing, and several molecular tests are currently available for their distinction in the routine laboratory (5, 24, 25) . In the present report, we present findings on a case of chromoblastomycosis from Maranhão state which involved the skin and disseminated to the brain, having a fatal course. The strains recovered from skin, a lesion, and the brain abscess proved to be a new species of the genus Fonsecaea, which is described here with phenotypic and molecular data.
CASE REPORT
The patient, a 52-year-old Caucasian male government official, born in Ceará and living in Cidelândia, Maranhão state, Brazil, for several decades, presented with a history of over 30 years of early verrucous lesions in the right upper arm, with slowly evolving plaques, gradually affecting the entire arm, with much itching. Lesions appeared subsequently in the left hemifacial area, spreading to the nose and reaching the chin region ( Fig. 1a and b) . In July 2012, the patient presented with a right hemiplegia. A skin biopsy was performed, demonstrating muriform cells in tissue (Fig. 1c) , and the infection was diagnosed as chromoblastomycosis with isolation of CBM49 strains.
In magnetic resonance imaging (MRI) analysis, heterogeneous lesions with a necrotic and liquefied center were found in the frontal and parietal right lobes of the brain, with an internal hemorrhagic focus and areas of diffusion restriction on the periphery, presenting peripheral uptake by contrast. A large lesion measured 4.5 cm in diameter, while two smaller infected areas were observed. The infection gradually expanded, leading to slight effacement of sulci and regional cisterns and compression of the right lateral ventricle, without deviation from the midline lobe structures. A second lesion with similar characteristics was located in the left-capsular core region and measured about 2.0 cm in diameter, while a third cortical-subcortical lesion of smaller peripheral dimensions (about 1.3 cm in diameter) was observed in the left frontal lobe from which the CBM50 strain of Fonsecaea sp. was isolated. Based on the preliminary diagnosis and the results of in vitro susceptibility tests of a fungal cerebral abscess, treatment using 50 mg of liposomal amphotericin B (L-AMB) was started, followed by oral itraconazole at 400 mg/day for 6 months. Little response of skin lesions or brain abscesses was observed, with the patient presenting a worsening of symptoms. In January 2013, a surgery procedure for a brain abscess drainage was performed (Fig. 1d) . The material collected showed the presence of fungal cells in the walls of the abscess (Fig. 1f) . After surgery, therapy with voriconazole was started using two initial doses of 6 mg/kg of body weight spaced 12 h apart, followed by doses of 400 mg/day, as the patient presented severe hypokalemia collateral effects due to the use of amphotericin B. In May 2013, the patient died at 52 years of age due to vascular leakage in the brainstem.
MATERIALS AND METHODS
Clinical samples. Two isolates were obtained on Sabouraud glucose agar (SGA) (Difco Laboratories, Paris, France) from skin and brain biopsy specimens of a patient with disseminated chromoblastomycosis. Stock cultures were maintained on slants of 2% malt extract agar (MEA) and oatmeal agar (OA) at 24°C. For morphological studies, MEA slide cultures were prepared and mounted in aniline blue. The cultures were deposited in the CBS collection (Table 1) .
Physiology. Cardinal growth temperatures were determined on MEA. Plates were incubated in the dark for 3 weeks in a 21 to 36°C temperature range, with intervals of 3°C; growth was also recorded at 37 and 40°C. Experiments consisted of three simultaneous replicates for each tested strain; averages of three measurements were calculated. Growth rates per species were obtained by calculation of the average growth of all isolates proven to belong to that species and of the respective standard deviations. The optimum range (average Ϯ standard deviation) of growth temperatures and the maximum growth temperatures were determined using the type strains of each species with three replicates.
Antifungal susceptibility testing was performed as described in CLSI document M38-A2, with some modifications according to a method described by Najafzadeh et al. (26) . The antifungal agents were diluted in filter-sterilized RPMI 1640 medium (Sigma Chemical Co.) (using a 0.22-m-pore-size filter) buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (Sigma) with L-glutamine without bicarbonate to yield DNA isolation, amplification, and sequencing. Colonies were cultivated on Sabouraud's glucose agar (SGA), and genomic DNA extraction was undertaken using an UltraClean Microbial DNA kit (MO Bio, Carlsbad, CA, USA) according to the manufacturer's instructions. The large subunit (LSU) of the nuclear rRNA gene was amplified using primers NL1 and LR5 (27) . Three gene regions were chosen for species delimitation: the ribosomal DNA (rDNA) internal transcribed spacer (ITS) region, the partial cell division cycle gene (CDC42), and ␤-tubulin (BT2). ITS amplicons were generated with primers V9G and LS266 (28, 29) and were sequenced with primers ITS1 and ITS4. CDC42 amplification and sequencing were done with cdc42w and cdc42f (23) and BT2 amplification and sequencing with Bt-2a and T2 (30) . Amplification reaction mixtures had a total volume of 12.5 l which was composed of 1ϫ PCR buffer, 2.0 mM MgCl 2 , 25 M deoxynucleoside triphosphates (dNTPs), 0.5 M (each) forward and reverse primers, 1 U of BioTaq DNA polymerase, and 10 ng of genomic DNA. Amplification was performed in an ABI Prism 2720 thermocycler (Applied Biosystems, Foster City, USA), as follows: 95°C for 4 min, followed by 35 cycles consisting of 95°C for 45 s, 52°C for 30 s, and 72°C for 2 min, and a delay at 72°C for 7 min. Annealing temperatures were changed to 52°C, 55°C, and 58°C for the ITS region, CDC42, and BT2. Amplicons were cleaned with exonuclease I and shrimp alkaline phosphatase (SAP) according to the manufacturer's instructions. Amplicons were sequenced with BigDye Terminator cycle sequencing kit v. 3.1 (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions, and reaction mixtures were purified with Sephadex G-50 Fine (GE Healthcare Bio-Sciences, Uppsala, Sweden). Sequences were analyzed on an ABI Prism 3700 DNA sequencer (Applied Biosystems, Foster City, CA, USA).
Phylogenetic analysis. Consensus sequences of the ITS region, BT2, CDC42, and the LSU were visually inspected using MEGA v.6 software (31). Alignments were made using the online MAFFT interface (32) . The ITS region, BT2, and CDC42 were first analyzed separately, and then a phylogenetic multilocus analysis was used to investigate relationships between 99 CBS reference strains of Cladophialophora (n ϭ 37) and Fonsecaea (n ϭ 62), with Cladophialophora yegresii and C. carrionii comprising the outgroup (Table 1) . Data representing conflicts were estimated using the partition homogeneity test available in PAUP* v. 4.Ob10 (33) . We did the LSU analyses to assess the phylogenetic position of the species analyzed in this study. The phylogenetic analyses of the small subunit (SSU) and LSU groups previously recognized in the Herpotrichiellaceae by (5) were taken as a basis for clade delimitation. The trees were constructed with 1,000 bootstrap replicates using the maximum likelihood function implemented in Mega v.6 software (31), and the best evolutionary model corresponding to the data set was used. Bootstrap values equal to or greater than 80% were considered statistically significant (35) .
Nucleotide sequence accession numbers. The DNA sequences (of B-tubulin, the ITS region, and CDC42) of new species described in this study have been deposited in GenBank, and the accession numbers of clinical and reference strains are presented in Table 1 . The GenBank accession numbers of the large subunit of the nuclear rRNA gene of strains CBS 139214 (CBM49) and dH 24207 (CBM50) of the new species F. pugnacius are KR706549 and KR706550, respectively. de Azevedo et al.
RESULTS

Phylogeny.
As shown by comparisons to a selected set of partial LSU rDNA sequences of members of Chaetothyriales available at CBS, the strains under study from a patient with severe chromoblastomycosis and systemic infection were identical and located in a "bantiana clade" (34) containing Fonsecaea species known as agents of chromoblastomycosis, as well as the pathogenic Cladophialophora species C. bantiana, C. arxii, and C. devriesii and the environmental species C. minourae, F. erecta, and F. minima (see Fig. S1 in the supplemental material). Multilocus sequence analyses using the ITS region, BT2, and CDC42 were performed for elucidation of the positions of strains with respect to agents of skin and brain disease within the Chaetothyriales. The tree was constructed using the maximum likelihood method and the Kimura 2-parameter substitution model. A total of 1,607 sites were evaluated for the ITS region, BT2, and CDC42, corresponding to 602, 394, and 610 sites, respectively. Of these, 1,042 were conserved, 510 were variable, 419 were parsimoniously informative (pi), and 36 were unique. The empirical base frequencies were 0.02270457 for pi(A), 0.027624 for pi(C), 0.023773281 for pi(G), and 0.02589833 for pi(T), with 1,000 bootstrap inferences and with Cladophialophora yegresii and C. carrionii selected as the outgroup. Five subclades were observed corresponding to F. monophora subdivided in two clusters (A and B) which grouped strains from different geographical regions indicating populations of a single species. Fonsecaea pedrosoi, F. nubica, and an unnamed group all showed high bootstrap support values (Fig. 2) . The unnamed group was a sister group of the known Fonsecaea agents of chromoblastomycosis and unambiguously different from described environmental Fonsecaea species.
In the consensus tree of the ITS region and partial BT2 and CDC42 genes (Fig. 3) , the unnamed strains designated CBM49 (CBS 139214) from skin and CBM50 (dH 24207) from brain were found to be identical for all partitions and grouped with remaining members of Fonsecaea causing chromoblastomycosis as a sister clade with high statistical support in all trees (Fig. 3) . The unnamed group was located at a significant distance in all gene regions analyzed (ITS region, 3.6%; CDC42, 5.7%; BT2, 7.0%) and was judged to represent a novel Fonsecaea species.
Morphology and physiology. The cardinal growth temperatures of the voucher strains of this new species indicated growth over the entire range between 21 and 37°C, with optimal development at 27 to 33°C. The maximum growth temperature of the strains was 37°C, with no growth observed at 40°C (Fig. 4) . The strains (CBM49 and CBM50) were susceptible to the tree antifungals tested, with MICs of 1 g/ml for amphotericin B, 0.06 g/ml for itraconazole, and 0.5 g/ml for voriconazole. The novel species is described as follows.
Taxonomy. Fonsecaea pugnacius R.R. Gomes, V.A. Vicente, C.M.P.S. Azevedo & G.S. de Hoog sp. nov. Figure 5 . Mycobank MB. Etymology: named after the aggressive infection caused in a human patient. Colonies on SGA at 30°C restricted, compact, circular, velvety to hairy, olivaceous gray; reverse olivaceous black. Germinating cells and budding cells absent. Hyphae smooth walled, pale olivaceous brown, 1.5 to 2.4 m wide, septate every 
DISCUSSION
Black yeast and related members of the fungal order Chaetothyriales are implicated in a range of diseases with high morbidity and mortality. Fatal dissemination and neurotropism of several species have been reported in both immunocompromised and immunocompetent individuals (36) . Disseminated infections are very refractory to treatment and commonly have a fatal outcome (1, 19, 37) . Agents of cerebral infection mostly cause primary cerebral infection, where neurological symptoms are the first indications of infection and spreading from other sites to the brain takes place unnoticed (38) . The main neurotropic agents in the Chaetothyriales are Cladophialophora bantiana (39, 40) , Rhinocladiella mackenziei (41) (42) (43) , and Fonsecaea monophora (17) . Exophiala dermatitidis is also neurotropic but tends to cause disseminated infections (44) . The great majority of these cases were reported from humans, while reports of infections of other warmblooded mammals are extremely rare (20) . Another category is disseminated infections with chromoblastomycosis-like lesions but without cerebral involvement, such as in Veronaea botryosa (45) .
The genus Fonsecaea presently contains three species, which all are potential etiologic agents of human chromoblastomycosis (10, 11) . This disease is chronic, involves cutaneous and subcutaneous tissue, and is characterized by the presence of muriform cells and absence of hyphae in tissue, provoking a granulomatous immune response (46, 47) . Sources of infection and dissemination remain enigmatic, however, and infections may be extremely recalcitrant to antifungal treatment.
Fonsecaea pedrosoi seems to be a pathogen strictly associated with chromoblastomycosis, while F. monophora is an opportunist with a more variable clinical spectrum. Fonsecaea monophora is the fourth species of Chaetothyriales and exhibits marked neurotropism. Mostly these were primary brain infections; i.e., the first clinical symptoms were of a neurological nature and no portal of entry could be ascertained (38) , although an inhalation route was likely, as was the case in several F. monophora cases ( Table 2) . Several of these cases were in immunocompetent hosts (Table 2) .
Chromoblastomycosis usually occurs in the skin and subcutaneous tissue, and the fungi rarely invade other organs (16, 49, 50) . In the present study of a Fonsecaea pugnacius infection, we observed a very chronic case of chromoblastomycosis which finally caused secondary cerebritis by dissemination to the brain, despite apparent intact immunity of the patient. Remarkably, the histopathologies of skin and brain infections are very different: muriform cells are produced in skin, but hyphae are produced in brain. This type of dissemination and the apparent conversion to another invasive morphology have not been observed in F. monophora, and the issue arises concerning whether this virulent ability is characteristic for F. pugnacius. In this sense, the species seems to be unique; animal studies are necessary to address these issues.
The invasive potentials of black yeast-like fungi differ significantly between species (13, 51) . Fonsecaea pedrosoi and F. nubica are narrowly associated with chromoblastomycosis, while F. monophora is also involved in phaeohyphomycosis of brain and other organs (11) . Fonsecaea pugnacius behaves differently again.
Although there is no standard antifungal for the treatment of cerebral phaeohyphomycosis, it is generally agreed that a combination of medical and surgical treatment is required (17) . Our patient was initially treated with liposomal amphotericin B, followed by oral itraconazole. The L-AMB treatment had to be changed to voriconazole treatment because the patient developed severe hypokalemia and presented worsening of symptoms. Sur- gery for brain abscess drainage was performed, but vascular leakage led to death.
Fonsecaea represents a highly complex genus containing numerous cryptic species. Judging from LSU sequence analysis, F. pugnacius clusters with some known potential agents of systemic disease, with the Fonsecaea agents of chromoblastomycosis as the nearest neighbors. Phylogenetically, Fonsecaea is intermingled with Cladophialophora species, composing a bantiana clade (34) comprising mainly thermophilic species. The maximum growth temperature of F. pugnacius strains analyzed was found to be 37°C, with no growth observed at 40°C (Fig. 4) . These cardinal temperatures are similar to those of Fonsecaea species causing chromoblastomycosis (5, 11, 52). Vicente et al. (22) noted that thermotolerance is probably an important virulence factor in Chaetothyriales. Cladophialophora species causing systemic infection are able to grow at 40°C (50) .
Although little is known about the pathogenic mechanism of these fungi, especially in immunocompetent hosts, neuroinvasive infection caused by Fonsecaea pugnacius seems to be different from that caused by Cladophialophora species, such as has been observed in cases of infection by C. bantiana, which is exclusively an agent of primary human brain infection supposedly caused via inhalation and occurring mainly in immunocompromised hosts. The route of neuroinvasive infection by F. monophora is unclear (Table 2 ) and also occurs in individuals with apparently normal immune systems. The new species F. pugnacius is a new agent of chromoblastomycosis with an apparent ability to disseminate and cause fatality in immunocompetent individuals. Understanding the route of dissemination and the factors involved in the switch from muriform cells to hyphae is important to develop novel strategies for treatment and control of advanced cases of chromoblastomycosis. 
